18 F-fludeoxyglucose positron emission tomography/ computed tomography ( 18 F-FDG PET/CT) is the procedure of choice for investigation of pyogenic spine infection (PSI) when other imaging fails to provide a definitive diagnosis, and for assessment of treatment response when patients are not responding as expected to antibiotic therapy [1] .
Interpretation criteria for 18 F-FDG PET/CT in the initial diagnosis of spine infection have previously relied on the intensity of the 18 F-FDG activity. Sites with activity greater than in normal marrow are generally considered actively infected. Results from different series are difficult to compare because of different imaging techniques and inclusion criteria. PET-only systems (without the benefit of a localization CT) were used prior to the availability of hybrid PET/CT. Patient populations were heterogeneous and included spine and peripheral osteomyelitis cases, infection with pyogenic organisms and tuberculosis, and non-operated and postoperative patients with and without hardware. Despite these shortcomings, a review of the early literature [2] and more recent series [3e6] have all reported high sensitivity and specificity in the diagnosis of spine infection.
The localization of 18 F-FDG is nonspecific and occurs with infection but also with non-septic inflammation, fracture, or neoplasm. The references quoted above have consisted of random cases, or prospective series of cases, of suspected spine infection. The prevalence of 18 F-FDG-avid non-septic conditions in these series is likely low, explaining the relatively high specificities reported. False-positive 18 F-FDG PET/CT using intensity-based criteria may be more common in problem cases done for initial diagnosis because imaging other than 18 F-FDG PET/CT failed to provide a definitive diagnosis. Non-septic activity is commonly seen if 18 F-FDG PET/CT is done for assessment of antibiotic treatment response for PSI.
Response of PSI to antibiotic therapy is typically monitored symptomatically and with inflammation markers [7] . Differentiation of back pain from persistent PSI, mechanical causes, or nonspecific inflammation can be difficult. An objective measure of treatment response is needed. MR is not useful as improvement is slow and the appearance may initially appear to worsen in successfully treated patients [8, 9] . 18 F-FDG PET/CT has been used by comparing activity measurements before and after treatment [10] . A reduction in activity has been reported as early as 2 weeks after initiation of antibiotic treatment; however, a baseline 18 F-FDG PET/CT is needed which may not be available in clinical practice.
In a preliminary study, we also used pretreatment and follow-up 18 F-FDG PET/CT to assess treatment response [11] . We chose to do follow-up scans before completion of the commonly recommended 6-week course of intravenous antibiotics [7] . All PSI patients had abnormal activity in bone, soft tissues, spinal canal, or a combination of the 3 that was greater than in adjacent normal structures. In the case of bone activity, bone marrow in uninvolved adjacent vertebrae was used a background. In the case of soft tissue or spinal canal activity, normal paraspinal muscles were used as background. Liver and mediastinal blood pool may not be visible in the field of view depending on the location of the PSI in the spine and are unsuitable as a consistent reference.
Abnormal activity persisted on follow-up in patients who failed to respond to treatment. Successfully treated patients with severe disc or joint destruction resulting in bone-on-bone contact had activity confined to the margins of the destroyed joints. This activity was attributed to mechanically-induced non-septic inflammation (MNI). Activity measurements at the destroyed joints using SUVmax were comparable to measurements in untreated patients with active PSI. Activity of similar intensity was also seen in isolated patients with severe degenerative arthritis with bone-on-bone contact who were scanned for malignancy and had no evidence of infection. We therefore decided to eliminate the routine baseline scan.
All 18 F-FDG PET/CT were interpreted as standalone examinations. Intensity of 18 F-FDG uptake was considered to reflect the activity but not the nature of the underlying process. Cases with abnormal metabolic activity in bone, soft tissue, or the spinal canal were interpreted as positive for PSI if the localization CT failed to show another cause. Activity confined to the margins of a destroyed disc or joint with bone-on-bone contact was considered to represent MNI. Cases where CT offered an alternative diagnosis (typically a fracture or focal bone destruction from neoplasm) were Figure 1 . Jagged vertebral endplates indicate denuded exposed bone. Abnormal metabolic activity is shown in red. This figure is available in colour online at http://carjonline.org/. Figure 2 . Pyogenic spine infection (PSI). This is the typical presentation of hematogenous PSI at the time of diagnosis. PSI is advanced with disc and adjacent bone destruction on the localization computed tomography. 18 F-fludeoxyglucose activity that is greater in intensity than in marrow or soft tissue background is seen in bone, soft tissue, and the spinal canal. This figure is available in colour online at http://carjonline.org/. Figure 3 . Pyogenic spine infection (PSI). Hematogenous PSI is less advanced than in the previous example. There is disc space narrowing and focal endplate destruction but abnormal 18 F-fludeoxyglucose activity is centered deep within the bone of opposing vertebral bodies rather than at the margins of the damaged disc as seen with mechanically induced non-septic inflammation (see below). The infection has not spread to soft tissue or the epidural space. This figure is available in colour online at http://carjonline.org/. Figure 4 . Pyogenic spine infection (PSI). The figure shows the distribution of hematogenous PSI shortly after bacterial seeding. There is disc space narrowing but no bone-on-bone contact. Abnormal metabolic activity consists of discontinuous irregular bands of activity at the endplates. Both vertebrae adjacent to the L3-4 disc are active. At L2-3 there is a clear abnormality in the body of L3 but only minor accentuation of activity in the inferior endplate of L2. At L5-S1, only the inferior endplate of L5 is involved. The distribution of activity supports the theory that hematogenous seeding begins in end arteries at the endplates of 1 vertebral body. Infection then spreads through the disc to the endplate of the adjacent vertebral body. This figure is available in colour online at http://carjonline.org/.
considered consistent with that diagnosis as long as it explained all the abnormal activity. We refer to this diagnostic approach as the pattern-based interpretation criteria.
We have recently reported on the performance of the pattern-based interpretation criteria in a series of problem cases [1] . Eighty-two scans were done for initial diagnosis because other imaging failed to provide a definitive consistent answer, often because of unexplained enhancement on magnetic resonance (MR), and 147 scans were done for assessment of treatment response. The prevalence of MNI in both populations is expected to be high.
The final clinical diagnosis was based on bacterial cultures, other imaging, and outcome after cessation or withholding of antibiotic therapy. Pattern-based interpretation criteria achieved a sensitivity and specificity of 98 and 100% for initial diagnosis of PSI. The same data were analyzed using intensity-based criteria. The optimum cutoff value for SUVmax was determined using receiver operating characteristic (ROC) analysis. Sensitivity and specificity for the intensity-based criteria using the optimum cutoff value of 4.2 were significantly lower at 93 and 68% (P < .01). The negative predictive value of 18 F-FDG PET/CT using pattern-based criteria to exclude residual active PSI after therapy was 97%. The true negative rate for intensity-based criteria fell to 55% because of a 45% false positive rate (P < .001).
The purpose of this communication is to provide details of the pattern-based interpretation criteria with enough examples to allow others to duplicate our approach. It should be emphasized that these criteria apply only to PSI. Figure 5 . Pyogenic spine infection (PSI). The fused sagittal 18 F-fludeoxyglucose positron emission tomography/computed tomography ( 18 F-FDG PET/CT) image from the previous example is shown on the left. The enhanced T1 FS MR image on the right was done 3 days after the 18 F-FDG PET/CT. It shows abnormal enhancement at the same sites as the 18 F-FDG PET/CT. In addition, there is now clear enhancement at L2, where there was only a minor metabolic activity (short arrows), and at S1, which was previously normal (long arrows). The evolution illustrates the rapid rate of progression of PSI. This figure is available in colour online at http://carjonline.org/. Figure 6 . Mechanically induced non-septic inflammation (MNI). This is the same patient as in example 1 who was imaged after 6 weeks of IV antibiotic therapy. Residual metabolic activity confined to the destroyed disk represents MNI. Activity in bone, soft tissue, and the spinal canal have resolved. Antibiotics were discontinued and there was no recurrence of infection. This figure is available in colour online at http://carjonline.org/. (See also the illustration in reference 1 for a more dramatic vacuum disc phenomenon.) The intensity of MNI will vary from case to case, but because it is contained within a virtual space, activity is uniform throughout any individual joint. Activity also spreads throughout the entire joint and extends into the recesses (arrows). This figure is available in colour online at http://carjonline.org/. Figure 8 . Mechanically induced non-septic inflammation (MNI). Activity is less intense than in the previous example but is also of uniform intensity throughout the disc space. The annulus is often displaced outward and its location can usually be determined from adherent bone fragments (arrows). Activity extending to the annulus is part of MNI and should not be confused with soft tissue infection. This figure is available in colour online at http://carjonline.org/. Figure 11 . Osteoarthritis without infection. Only a portion of the disc is destroyed with bone on bone contact. Intense activity at the surface of the exposed bone represents mechanically induced non-septic inflammation. Infection destroys the entire disc. Partial destruction is typical of degenerative disc disease. Partial disc involvement typically occurs in the presence of a scoliosis with asymmetrical loading. This figure is available in colour online at http://carjonline.org/. Granulomatous infection has a different mode of spread and will require a unique set of diagnostic criteria [12] .
F-FDG PET/CT Acquisition
We follow European Association of Nuclear Medicine/ Society of Nuclear Medicine and Molecular Imaging guidelines for 18 F-FDG use in inflammation and infection [13] . Briefly, patients are fasted for 6 hours prior to injection of 550 MBq of 18 F-FDG followed by an uptake period of 60 minutes. Patients with a serum glucose level exceeding 10 mmol/L are imaged at the discretion of the supervising physician. Images used in the illustrations were acquired on Biograph m40CT (Siemens Medical Solutions, Knoxville, TN, USA). Images from 1 or more bed positions are acquired for 3 to 5 minutes each. Without moving the patient, the CT scan for attenuation correction and anatomic correlation (80-100 kV and 180 mAs) is acquired in the same in-line gantry. Standard transaxial images are reconstructed using the manufacturer's software and reformatted into sagittal and coronal images. Because of the importance of sagittal and coronal images in evaluating the spine, a minimum slice thickness of 3 mm is used to preserve axial resolution. If required, a diagnostic CT of an area of concern can be obtained. Images are reviewed on a dedicated workstation (Hermes Medical Solutions AB, Stockholm, Sweden). Interpretation is based entirely on the pattern and distribution of the activity and anatomic information from the CT.
Pattern-Based Interpretation Criteria
1. Bone activity that is more intense than activity in bone marrow of adjacent uninvolved vertebrae or activity in soft tissues or in the spinal canal that is more intense than in normal adjacent paraspinal muscles is considered abnormal. 2. Abnormal activity confined to the margins of a destroyed/degenerated disk or joint with bone-on-bone contact is attributable to non-septic MNI. PSI destroys the entire joint creating 1 virtual space. Activity must then be uniform throughout any 1 joint, although the intensity varies widely from case to case. Spondylodiscitis is the most common site of infection in the spine, likely, because the volume of periarticular bone and blood flow provides the greatest opportunity for hematogenous bacterial seeding. Spondylodiscitis is Figure 17 . Brucellosis. Granulomatous infection also begins at vertebral endplates but does not destroy the disc until very late in the course. Spread to other levels is beneath the longitudinal ligaments. Involvement of the antero-superior margin of a vertebral body at the lumbosacral junction, preservation of the disc, and a prominent epidural collection spreading to involve L5 are typical of spine infection with brucella species. This figure is available in colour online at http:// carjonline.org/. therefore used in most of the illustrations. The interpretation criteria, however, apply equally to synovial joints including cranio-vertebral, facet, and sacroiliac joints.
These criteria are applied to a single 18 F-FDG PET/CT, but comparison with prior imaging is often helpful. The pattern of enhancement on MR parallels the distribution of 18 FDG activity. A baseline enhanced MR can act as surrogate for a baseline 18 F-FDG PET/CT and direct the interpreter's attention to previously involved sites. A baseline MR may also help confirm progression of disease.
Examples Using Pattern-Based Interpretation Criteria
A. Active PSI: Hematogenous PSI is believed to occur because of arterial or venous seeding of vessels opposite the vertebral endplates. Occlusion of the vessels results in infarction creating a relatively isolated area for infection to become established. Infection then penetrates the disc, which is rapidly destroyed by proteolytic enzymes [14] . From there it spreads into the adjacent endplate, surrounding soft tissues, and the epidural space. Clinical presentation of PSI is typically indolent and nonspecific. By the time the diagnosis is made, PSI is advanced with destruction of the disc and adjacent vertebrae and active infection in bone, soft tissue, and/or the epidural space (Figure 1 PSI-A and Figure 2 ). Earlier stages of PSI (Figure 1 PSI-B and C and Figures 3-5 ) were only seen when 18 FDG PET/CT was performed to localize occult infection in the presence of ongoing bacteremia. Direct hematogenous seeding of an avascular normal disc or hypovascular degenerated disc is extremely unlikely and was never observed in our population. B. Mechanical non-septic inflammation: Normal discs and degenerated discs with narrowing but no bone-onbone contact typically show no activity on 18 FDG PET/CT. Destroyed joints with bone-on-bone contact may be 18 FDG-positive in the absence of PSI. It is generally agreed that 6 weeks of intravenous antibiotic therapy is adequate to treat PSI [7] . 18 F-FDG PET/CT should be performed just prior to the end of the prescribed course of antibiotics in patients who are not responding clinically. Scanning too early in the courses of treatment may lead to equivocal results because of a partial treatment response.
Activity confined to the margins of a destroyed disc with bone-on-bone contact is consistent with MNI. This manifests as a single line of activity if bones remain in apposition (Figure 1 MNI-A and Figure 6 ). Many patients will have collapsed vertebrae and a kyphotic deformity. These disc space will open in the supine position and activity will appear as thin lines on the surface of the denuded bone resulting in a tramline pattern (Figure 1 MNI-B and Figure 7 ). This is typically accompanied by a vacuum disc phenomenon. MNI activity spreads throughout the joint. If the annulus is displaced outward from the disc, its position can usually be determined on the localization CT from adherent bone fragments. Activity extending to the annulus is part of MNI (Figure 1 MNI-C and Figure 8) . Similarly, if the localization CT shows well-defined fissures extending from the destroyed joint into fragmented endplates and the activity is contained entirely within these fissures, this activity is also considered part of MNI (Figure 1 MNI-D and Figure 9 ). Such activity must not be confused with either soft tissue or bone activity that would lead to a false positive diagnosis of active PSI. Because the destroyed joint and the extensions which communicate with it are 1 virtual space, MNI is typically of uniform intensity throughout any given joint. Collections of different intensity are likely in different compartments and may mean persistent infection ( Figure 10) .
Destruction of the entire disc can also be seen with non-septic degenerative arthritis. However, destruction of only a portion of the disc or focal endplate abnormalities (Schmorl's nodes) are not the consequence of PSI (Figure 1 MNI-E and F and Figures 11 and 12 ).
If joint destruction leads to spontaneous fusion, there will be no mechanical motion to cause MNI. Any activity in the area indicates active SI or other complication ( Figure 13 ).
Illustrations have focused on the disc, but the pattern in facet and other joints is analogous ( Figure 14 ). C. Non-infectious diagnoses: Post-traumatic and insufficiency fractures were the most common non-infectious diagnoses. Vertebral deformity was typically present on the localization CT. 18 FDG PET showed linear increased metabolic activity. The discs remain intact and activity cannot be attributed to MNI (Figure 1 OTHER-A and Figure 15 ).
Infection typically spreads through tissue planes. Well-marginated rounded focal lesions are usually neoplastic (Figure 1 OTHER-B and Figure 16 ).
PSI superimposed on another diagnosis may prove problematic but was not observed in our population.
D. Granulomatous infection:
The mode of spread, distribution of infection and time course for SI with granulomatous infection with tuberculosis and brucella species is significantly different from SI with pyogenic organisms. The pattern-based diagnostic criteria for PSI outlined in this essay do not apply. Granulomatous organisms do not produce proteolytic enzymes. They seed adjacent to vertebral endplates but do not destroy the disc early in the course of infection. Spread to adjacent vertebrae may be beneath longitudinal ligaments ( Figure 17 ) [15] . Further comments on the unique nature of granulomatous spine infection are beyond the scope of this pictorial essay.
